Introduction
An accumulation of multiple alterations in oncogenes and tumor suppressor genes participates in carcinogenesis and the progression of gastric cancer [1] [2] [3] . Gene abnormalities also differ in accordance with the histologic type of this malignancy [1] . However, the mechanism through which the multiple gene mutations accumulate during carcinogenesis or tumor progression in gastric cancer is not well understood.
Alkylating mutagens that are either externally administered or produced through endogenous metabolic pathways lead to chemical modifications of cellular DNA [4] . O 6 -Methylguanine formed on DNA strands after exposure to alkylating substances appears to be responsible for the induction of gene mutation. Subsequent gene mutations triggered by O 6 -methylguanine on DNA strands may accumulate and result in the development of cancer [4] . In fact, gastric carcinoma is induced in rats by the alkylating mutagen N-methyl-N'-nitro-N-nitroguanidine (MNNG). This in vivo procedure is an established model of carcinogenesis in human stomach cancer [5] . O 6 -Methylguanine DNA methyltransferase (MGMT) is a repair enzyme that protects against alkylating carcinogens such as methylnitrosourea (MNU) [6] . MGMT transfers a methyl group from O 6 -methylguanine produced by MNU, (which leads to a G:C-A:T transition on DNA) to a cysteine residue of the MGMT molecule itself [4] . Thus, MGMT protects against gene mutation caused by alkylating agents, and a loss of MGMT expression is thought to bring about gene mutation and lead to the development of cancer.
The mismatch repair (MMR) system is required for the cell to accurately copy its genome during cellular proliferation. Deficiencies of this system result in mutation rates 100-fold greater than those observed in normal cells [7] . These mutations are particularly evident at microsatellite sequences, consisting of repeats of 1-4bp.
Microsatellite instability (MSI) is thereby a hallmark of MMR gene-deficient cancers [7] . Especially, hereditary nonpolyposis colorectal cancer (HNPCC) is associated with germline mutations in two MMR genes, hMLH1 and hMSH2 [8, 9] .
Transgenic mice defective in the MGMT gene have been analyzed with respect to DNA alkylation-induced tumorigenesis. MGMT-knockout mice developed thymic lymphoma or lung adenoma after exposure to a low level of MNU, demonstrating that the absence of MGMT induces tumor development in vivo under these conditions. However, the administration of high doses of MNU to such mice caused death of the animals due to apoptosis of rapidly growing cells in certain organs, such as the bone marrow [10, 11] . When the additional loss of the hMLH1 gene was introduced into MGMTdeficient mice, this myelosuppression disappeared, while the number of thymic lymphomas significantly increased [12] . Thus, an additional loss of the MMR system would prevent MGMT-single-knockout mice from death caused by an alkylating agent.
These results prompted us to investigate the effect of loss of these DNA repair proteins in the tumor progression of gastric cancer. We immunohistochemically analyzed the expression levels of MGMT and the MMR enzymes, hMLH1 and hMSH2, in 135 resected gastric cancer specimens at various tumor stages. We asked whether or not loss of the MGMT and MMR enzymes was related to clinicopathologic factors and patient survival. We also examined whether levels of the DNA repair system that protects against alkylating mutagens change through tumor progression and whether these changes are related to histologic types of gastric carcinoma.
Patients and methods

Tumor specimens
A total of 135 consecutive formalin-fixed, paraffinembedded gastric carcinoma specimens were obtained from the archival tissue bank of the Pathology Department at Saga Medical School, Saga, Japan (the patients had undergone gastrectomy between January 1989 and July 1995 for early cancer, and between 1989 and 1991 for advanced cancer). All of the specimens were examined macroscopically and histologically according to the criteria of the Japanese classification of gastric carcinoma [13] . The specimens were classified into two histologic groups: (a) differentiated-type cancer, including papillary adenocarcinoma and well-and moderately differentiated tubular adenocarcinoma, which were roughly consistent with intestinal-type cancer by Lauren's classification [14] and (b) undifferentiatedtype cancer, consisting of poorly differentiated adenocarcinoma and signet-ring cell carcinoma, which were identical to diffuse-type cancer [14] .
All 135 tumors were also classified into two groups according to depth of tumor invasion: 88 were categorized as early gastric cancer, consisting of 45 intramucosal carcinomas (m cancer) and 43 that had invaded the submucosal layer (sm cancer). The remaining 47 tumors were classified as advanced carcinoma, that had invaded beyond the muscularis propria (mp and more advanced cancer) [13] . A section from each specimen block was stained with hematoxylin and eosin for histological evaluation, and representative blocks were immunostained. Normal gastric mucosa adjacent to the tumor was used as an internal control for normal nuclear staining of the MGMT and MMR enzymes.
Antibodies and immunohistochemical staining
Rabbit polyclonal MGMT antibody was provided by Dr. Y. Nakabeppu (Kyushu University). The immunospecificity of this antiserum has been confirmed in recent studies [15, 16] . Mouse monoclonal hMLH1 and hMSH2 antibodies were purchased from PharMingen (San Diego, CA, USA). Appropriate antibody dilutions were determined by serial titration in the presence of positive and negative controls. The final dilutions of MGMT, hMLH1, and hMSH2 antibodies were 1:200, 1:100, and 1 : 100, respectively.
Formalin-fixed, paraffin-embedded tissue blocks were cut into 4-µm-thick sections for immunostaining. The sections were dewaxed using xylene and transferred to alcohol. Antigen was retrieved as previously described [15] . To reduce nonspecific background staining, the sections were immersed in 10% normal goat serum for 10 min at room temperature. After being washed in phosphate-buffered saline (PBS), the sections were incubated overnight with the primary antibodies (in PBS containing 1% bovine serum albumin) at 4°C in a humidified chamber. The sections were then washed in PBS and incubated with goat anti-rabbit or anti-mouse IgG conjugated to peroxidase labelleddextran polymer (Dako EnvisionϩTM; Dako, Carpinteria, CA, USA) for 30 min. After further washing in PBS, the sections were developed with activated 3, 3'-diaminobenzidine-tetrahydrochloride (DAB) for 5min, and the reaction was stopped in water. Nuclei were visualized by counter-staining with Meyer's hematoxylin. Immunohistochemical reactivity was determined independently by three investigators (Y.K., M.T., and G.E.). Expression levels of the MHMT, hMLH1, and hMSH2 genes were evaluated by counting the number of nuclear-stained cancer cells in five fields, which were randomly selected. Finally, immunopositivity was assessed as the mean percentage of positive cells counted in the five fields. When over 30% of the nuclei of cancer cells were stained, expression was judged as positive.
Statistical analysis
Results were statistically analyzed using the 2 test. Differences among groups were determined using Student's t-test. The survival curve of patients was determined according to the Kaplan-Meier method. The significance of differences in survival between two groups was tested using the Breslow-Gehan-Wilcoxon test. StatView-5.0 software (SAS Institute, Cary, NC, USA) was used to perform all statistical analyses. A value of P Ͻ 0.05 was considered statistically significant.
Results
Immunohistochemical staining of MGMT, hMLH1, and hMSH2 proteins
MGMT, and the MMR enzymes, hMLH1 and hMSH2, were intensely expressed in the nuclei of cancer cells and were also detected in normal epithelia. MGMT, hMLH1, and hMSH2 were immunopositive in 62.2% (84/135), 63.7% (86/135), and 67.4% (91/135) of specimens, respectively. Figure 1 shows the immunohistochemical staining of MGMT, hMLH1, and hMSH2 in gastric adenocarcinoma. MGMT-positive staining was evident in the nuclei of a differentiated-type cancer specimen (Fig. 1a) , while in another specimen of differentiated-type cancer there were no stained cells (Fig. 1b) . Table 1 shows comparisons of MGMT, hMLH1, and hMSH2 expressions with clinicopathologic factors in 135 patients with gastric cancer. Differences in MGMT expression level were significant with respect to tumor size (P ϭ 0.0001), depth of wall invasion (t; P Ͻ 0.0001), histologic type (P Ͻ 0.0001), metastasis to regional lymph nodes (n; P ϭ 0.0064), invasion of lymphatic (ly; P ϭ 0.0005) and venous vessels (v; P ϭ 0.0024), and tumor stage (P Ͻ 0.0001).
Correlation between clinicopathologic factors and expression of DNA repair enzymes
The MMR proteins, hMLH1 and hMSH2, were also compared in similar ways. The expression of hMLH1 was closely correlated with the clinicopathologic factors, such as tumor size (P Ͻ 0.0001), t (P Ͻ 0.0001), histologic type (P ϭ 0.0002), n (P ϭ 0.0012), ly (0.019), and stage (P Ͻ 0.0001). The association of hMSH2 expression was significant with age (P ϭ 0.03), tumor size (P ϭ 0.005), t (0.017), and histologic type (P ϭ 0.0056), whereas the association between hMSH2 immunoreactivity and n, ly, v, and stage was not statistically significant. We analyzed association of the immunoreactivity among the MGMT, hMLH1, and hMSH2 proteins. Immunoreactivity for MGMT and hMLH1 was closely correlated (P Ͻ 0.0001) in the 135 specimens. Immunoreactivity for MGMT and hMSH2 expression was also correlated, (P ϭ 0.026), but to a lesser extent than that for MGMT and hMLH1.
Patient survival relative to expression of MGMT or MMR enzymes
The relationship between postoperative survival and MGMT, hMLH1, or hMSH2 status was analyzed in 116 patients (77 with early and 39 with advanced cancers), who could be followed up.
Among the 116 patients, the prognosis of those with negative MGMT expression was poorer than that of those with positive expression ( Fig. 2 ; P ϭ 0.0004). Survival in hMLH1-negative patients was also significantly worse than that in-positive patients overall ( Fig. 2 ; P ϭ 0.022). However, the differences between positive and negative MGMT and hMLH1 status and patient survivals were not significant on Kaplan-Meier curves when the same analysis was separately applied to the 77 patients with early and the 39 with advanced cancer (Fig. 2) . A multivariate analysis using Cox proportional hazards regression models revealed that neither MGMT nor hMLH1 status was an independent factor for the survival of patients with gastric cancer (data not shown). The hMSH2 status did not affect postoperative survival in the patients overall, or in the 77 patients with early cancer or the 39 patients with advanced cancers. Table 1 shows that there were significant differences in MGMT and MMR expression between the two histologic types of carcinoma. The loss of MGMT and MMR expression was more frequent in undifferentiated cancers, as compared with differentiated-type cancers. Furthermore, the proportion of negative staining for MGMT, hMLH1, and hMSH2 increased significantly from early (m and sm cancer) to advanced cancers (mp and more advanced cancer). Thus, we investigated whether MGMT, hMLH1, and hMSH2 status in the two histologic types varied according to depth of invasion (Tables 2, 3, 4) . In the differentiated type of gastric cancer, the "early" group (m and sm cancer) exhibited a 12.5% (8/64) negative rate for MGMT expression, Fig. 1a-f . Immunohistochemical staining of MGMT, hMLH1, and hMSH2 proteins in gastric adenocarcinoma. a Tumor cells show strong nuclear accumulation of MGMT in a specimen of differentiated-type cancer. b Immunostaining of MGMT was judged negative in another specimen of differentiated-type cancer. c Normal gastric epithelium shows strong nuclear staining of hMLH1. d Nuclear staining of hMLH1 was also detected in a specimen of differentiated-type cancer. e Positive nuclear staining of hMSH2 protein was shown in a specimen of undifferentiated-type cancer. f Negative staining of hMSH2 was found in another specimen of undifferentiatedtype cancer Table  2 ). The difference was statistically significant (P ϭ 0.0001). In undifferentiated cancers, MGMT staining was negative in 37.5% (9/24) at the early stage, and the proportion significantly increased to 91.3% (21/23) at the advanced stage (P Ͻ 0.0004). With respect to hMLH1 status, the difference in the immunoreactivity between early (negative rate, 12.5% [8/64] ) and advanced stage (negative rate, 56% [14/25] ) in differentiated-type cancer was also significant (P Ͻ 0.0001). However, the difference between early and advanced cancer in the undifferentiated type was not significant; the negative rate was 45.8% (11/24) for the early and 73.9% (17/23) for the advanced cancers (P ϭ 0.095, Ͼ0.05; Table 3 ). Finally, the negative rate for hMSH2 in differentiated-type cancer differed significantly between early and advanced cancer. The negative rates were 16.9% (11/65) in early and 41.7% (10/24) in advanced stages (P ϭ 0.034). However, the significance disappeared in undifferentiated-type cancer, where the negative rates for hMSH2 were 47.8% (11/23) in early and 52.2% (12/23) in advanced cancers (P ϭ 0.88; Table 4 ).
Loss of MGMT and MMR enzymes according to histologic type of carcinoma
An evaluation focusing on 45 specimens of m cancer demonstrated that the negative rates of MGMT, hMLH1, and hMSH2 expression in 10 undifferentiated-type cancers were 50% (5 of 10), 70% (7 of 10), and 60% (6 of 10). All rates were much lower in differentiated-type cancer, where the negative rates were 20% (7 of 35), 11.4% (4 of 35), and 11.4% (4 of 35), respectively (Tables 2, 3, 4).
Discussion
We have recently reported that a reduction of MGMT expression in several cancer tissues, including hepatocellular, gastric, breast, and biliary tract carcinoma, correlated with several clinicopathologic factors and poorer prognosis in the patients [15, 16] .
Immunohistochemical studies of hMLH1/hMSH2 have also been reported for several sporadic cancers, including colorectal, gastric, endometrial, and ovarian carcinomas [17] [18] [19] [20] [21] [22] . However, few reports have demonstrated correlations between the immunohistochemical status of MMR proteins and clinicopathologic factors and patient prognosis in gastric cancer. It has been reported that colorectal cancer patients with hMLH1-negative expression showed worse prognoses than those with hMLH1/hMSH2-positive tumors, although the difference was not statistically significant [23] .
The present study addressed the immunohistochemical evaluation of MGMT and MMR status in gastric cancer specimens at early and advanced stages. In particular, we investigated the relationship of MGMT and MMR expression to tumor progression and histologic type. The correlation between MGMT expression loss in relation to that of MMR and clinicopathologic factors was evaluated in 135 patients with gastric cancer overall. We showed that loss of MGMT and MMR expression significantly correlated with several factors, including tumor size, depth of wall invasion, histologic type, and stage. Immunoreactivity for MGMT and hMLH1 expression was closely correlated in all 135 specimens (P Ͻ 0.0001). These findings demonstrate that loss of MGMT and hMLH1 may be synchronously accelerated during tumor progression. The postoperative survival curves for the 116 patients who were followed up showed that those without MGMT or hMLH1 expression had poorer prognoses than those patients who expressed these proteins. The differences in survival are thought to reflect the fact that the negative rate of expression of MGMT and hMLH1 increased during tumor progression.
We further investigated whether the loss of MGMT and MMR expression differed between differentiatedand undifferentiated-type cancers. We examined loss of these enzymes at various depths of cancer invasion in the two histologic types. Tables 2, 3 , and 4 show that the percent loss of MGMT, hMLH1, and hMSH2 expression in differentiated-type cancers increased from early to advanced cancer (P ϭ 0.0001, P Ͻ 0.0001, and P ϭ 0.034, respectively). These findings indicate that, in differentiated-type cancer, the loss of MGMT, hMLH1, and hMSH2 expression is critical for the early stage to proceed to an advanced stage. In undifferentiated-type cancer, the difference in expression loss of hMLH1 and hMSH2 between early and advanced cancer was not significant (P ϭ 0.095 and P ϭ 0.88, respectively), whereas the expression loss of MGMT differed significantly between early (37.5%) and advanced carcinoma (91.3%; P ϭ 0.0004). In our examination limited to m cancer, the negative rates of MGMT, hMLH1, and hMSH2 in the undifferentiated type were much higher than those in differentiated-type cancer. These findings suggest that loss not only of MMR proteins but also of MGMT occurs predominantly at an earlier step of tumor progression or carcinogenesis in undifferentiatedtype cancers, rather than at progression from early to advanced cancer.
Cancer with a high frequency of MSI is thought to express the DNA replication error (RER) phenotype caused by the inactivation of MMR genes, including hMLH1 and hMSH2 [7] [8] [9] . Oliveira et al. [24] demonstrated that the RER phenotype in 152 gastric cancer specimens was found more frequently in intestinal-type than in diffuse-type cancer, and the phenotype was closely associated with a low pTNM stage, resulting in a significantly better prognosis. These findings showed clear discrepancies compared with our results. We showed survival curves for 116 patients overall, 77 patients with early gastric cancer, and 39 patients with advanced gastric cancer, separately investigated. In the survival of the 116 patients overall, patients with loss of hMLH1, suggesting MSI (ϩ), had a poorer prognosis than those who were positive for hMLH1 expression. In the 39 patients with advanced gastric cancer, however, MMR-positive patients exhibited a tendency toward a poorer prognosis, though the difference was not significant. This result may be consistent with the previous report, in which 136 of the 152 patients had advanced gastric cancer [24] . We also showed more frequent loss of MMR proteins in undifferentiated-type cancer than in the differentiated type. Eearlier loss of MMR protein was found in undifferentiated-type cancer compared with differentiated cancer. This result may suggest that a higher frequency of MSI was present in undifferentiated-type cancer. However, the previous reports demonstrated a significant association between MSI (ϩ) and intestinal (differentiated), not diffuse (undifferentiated)-type gastric cancer [24, 25] . At present, for undifferentiated-type cancer, it is not possible to explain the discrepancy between the frequent loss of MMR proteins found in the present study and the rare occurrence of MSI (ϩ) as previously demonstrated [24, 25] .
Recently, several investigators have reported that CpG islands on promoters of the MGMT and hMLH1 genes, but not those of the hMSH2 gene, are hypermethylated in several malignancies, and that aberrant hypermethylation represses the expression of MGMT and hMLH1. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Hypermethylation on the MGMT and hMLH1 promoters might occur concurrently, which could lead to a loss of the protein expression along with tumor progression in gastric cancer. Environmental alkylating agents, such as N-nitroso compounds, are endogenously metabolized and activated in hepatocytes [38, 39] . MNU is also formed in the lumen of the human stomach after the consumption of fish sauce [40] . These reports indicate that the gastric mucosa is always environmentally exposed to alkylating mutagens. Although it is not possible to elucidate why the loss of MGMT and hMLH1 correlates with tumor progression in gastric cancer, one hypothesis may be advanced. Expression losses of MGMT and hMLH1 may easily render G:C to A:T mutations on cellular DNA exposed to alkylating mutagens, and gene mutations affecting carcinogenesis, invasion, and metastasis may accumulate, resulting in tumor progression with more malignancy.
We conclude that the expression of MGMT and the MMR proteins, hMLH1 and hMSH2, may be lost during the tumor progression of gastric cancer. The losses of these proteins from early to advanced cancer were typically observed in differentiated-type gastric cancer. We also showed that the onset of negative expression of MGMT, as well as that of the MMR proteins, hMLH1 and hMSH2, may differ between the two histologic types of this malignancy.
